EnvZ, a transmembrane signal transducer, is composed of a periplasmic sensor domain, transmembrane domains, and a cytoplasmic signaling domain. Between the second transmembrane domain and the cytoplasmic signaling domain there is a linker domain consisting of approximately 50 residues. In this study, we investigated the functional role of the EnvZ linker domain with respect to signal transduction. Amino acid sequence alignment of linker regions among various bacterial signal transducer proteins does not show a high sequence identity but suggests a common helix 1-loop-helix 2 structure. Among several mutations introduced in the EnvZ linker region, it was found that hydrophobic-to-charged amino acid substitutions in helix 1 and helix 2 and deletions in helix 1, loop, and helix 2 (⌬14, ⌬8, and ⌬7) resulted in constitutive OmpC expression. In the linker mutant EnvZ ⅐ ⌬7, both kinase and phosphatase activities were significantly reduced but the ratio of kinase to phosphatase activity increased, consistent with the constitutive OmpC expression. In contrast, the purified cytoplasmic fragment of EnvZ ⅐ ⌬7 possessed both kinase and phosphatase activities at levels similar to those of the cytoplasmic fragment of wild-type EnvZ. In addition, the linker mutations had no direct effect on EnvZ C-terminal dimerization. These results together with previous data suggest that the linker region is not directly involved in EnvZ enzymatic activities and that it may have a crucial role in propagating a conformational change to ensure correct positioning of two EnvZ molecules within a dimer during the transmembrane signaling.
Escherichia coli responds to various environmental stresses by adjusting cellular metabolism or behavior, which results in stress adaptation (12, 30) . When E. coli is exposed to osmotic stress, the expression of the outer membrane porin proteins OmpC and OmpF is differentially regulated (9, 12) . At low osmolarity, the larger pore-sized OmpF protein is preferentially expressed; at high osmolarity, OmpF expression is repressed while the smaller pore-sized OmpC protein is increasingly expressed (9, 12, 15) . Differential expression of OmpC and OmpF is mainly regulated by the ompB locus, which consists of ompR and envZ genes (1, 12) . EnvZ and OmpR proteins are members of a conserved family of His-Asp phosphorelay systems which have been found in more than 50 different bacterial species and are known as two-component signal transduction systems (21, 30, 33) . EnvZ is a transmembrane histidine protein kinase that resides within the inner membrane, and OmpR is a response regulator protein that binds to the upstream regions of the ompF and ompC promoters, functioning as a transcription factor for both genes (3, 13, 14, 19, 20) .
EnvZ is autophosphorylated at the His243 residue in the presence of ATP (31) , and this phosphoryl group is then transferred to its cognate response regulator protein, OmpR, at the Asp55 residue (10) . It is a general paradigm that autophosphorylation is a trans reaction within a dimer among histidine protein kinases (29, 34, 35, 37, 39, 43, 44) . The EnvZ cytoplasmic domain [EnvZ(C)], consisting of 271 residues from Arg180 to Gly450, has also been shown to form a dimer and to undergo autophosphorylation by ATP (17) . Interestingly, EnvZ is a bifunctional signal transducer, having not only kinase (autophosphorylation and phosphotransfer to OmpR) activity but also phospho-OmpR phosphatase activity (1, 18) , which allows for precise control of the level of phospho-ompR (21, 32) . Since the higher level of phospho-OmpR reflects the preferential expression of OmpC at high osmolarity, the ratio of kinase to phosphatase activities of EnvZ is crucial for osmoregulation in E. coli (22, 32, (43) (44) (45) .
The natural ligand for EnvZ has not yet been identified. However, the chimeric receptors Taz1 (40) and Trz1 (5), consisting of the periplasmic, transmembrane, and linker regions from the chemoreceptors, Tar and Trg, respectively, and the cytoplasmic signaling domain from EnvZ were constructed. The binding of their specific ligands, aspartate for Tar and ribose-binding protein with ribose bound for Trg, to the periplasmic domain transduces the transmembrane signal leading to activation of ompC-lacZ gene expression, suggesting that osmosensor and chemosensors share a common signal transduction mechanism (4, 12) . In addition, EnvZ and chemoreceptors are similar with respect to domain organization, which includes N-terminal periplasmic domains, two transmembrane domains, the linker region and the cytoplasmic signaling domain. X-ray crystallographic analysis of the periplasmic domain of Tar in the presence and absence of aspartate has demonstrated that ligand binding occurs at the interface of two subunits of a dimer of the Tar periplasmic domain and results in a small but distinct difference in the interaction between the two subunits in the dimer (25) . The three-dimensional arrangement of the four transmembrane ␣-helices in a chemoreceptor homodimer has been proposed from cross-linking and mutational studies (36) , and it was suggested that the interaction between the two transmembrane domains, TM1 and TM2, plays an important role in signal transduction. The linker region connecting the second transmembrane domain and the cytoplasmic domain is also considered to play an important role in propagating the signal from the receptor domain to the cytoplasmic domain (4) . This proposal is consistent with the fact that a number of mutations are clustered in the linker region of various histidine kinases by genetic analysis (4, 7, 16, 23, 26, 38, 41, 42) .
In this study, we investigated the structural and functional roles of the linker region of EnvZ. Secondary-structure analysis of the linker regions of histidine kinases, which have a topology similar to that of EnvZ in E. coli, suggests that there is a common helix 1-loop-helix 2 structure. Based on this model, we created several mutations in the linker region and demonstrated that hydrophobic-to-charged amino acid substitutions and deletion mutations in the linker region resulted in OmpC constitutive expression by increasing the ratio of kinase to phosphatase activity, which results in the increase of the level of phospho-OmpR. However, these mutations did not have a direct effect on dimerization or the enzymatic activities of the purified EnvZ(C). These results suggest that the linker region may have a crucial role in properly juxtapositioning two EnvZ molecules within a dimer in order to transmit the signal from the extracellular receptor domain to the cytoplasmic signaling domain.
MATERIALS AND METHODS
Strains, plasmids, and reagents. The bacterial strains used were E. coli AR137 [MC4100 ⌬(malT ompB) pcnB80] (16) for outer membrane preparations, SG480⌬76 [MC4100 ⌬(malT ompB)] (15) for inner membrane preparations, and BL21-DE3 (F Ϫ ompT r B m B ) for protein purification. pBR322 was used as a control when outer membrane profiles were examined. pET11a-EnvZ(C) (11), which contains a 1.5-kB EcoRI fragment corresponding to EnvZ(C), was introduced by site-directed mutagenesis (Amersham). Oligonucleotides used for the point mutations were 5ЈGTCCAT (T/G) (A/T/C) (T/A) GAACAC3Ј, which was used to mutate EnvZ ⅐ Leu189 (CTC) to Val (GTA) and to Asp (GAT), and 5ЈCGTGCC (T/G) (A/T/C) (T/A) AACCAT3Ј, which was used to mutate EnvZ ⅐ Phe220 (TTT) to Val (GTT) and to Asp (GAT). After confirming the mutations by DNA sequencing (Sequenase; U.S. Biochemical), we subcloned the 1.5-kB EcoRI fragments containing the mutations into pET11a-EnvZ(C) or pPH001, thus adding an extra sequence of nine amino acid residues (Met-GlyHis 6 -Gly) at the amino-terminal end of the EnvZ cytoplasmic domain [H6-EnvZ(C)] (17). Deletion mutagenesis was carried out by a two-step PCR ligation. For the deletion mutation ⌬7 (deletion from Thr217 to Met223), the first PCR was carried out with primers 4119 (5ЈTAATACGACTCACTATAGGG3Ј) and 5345 (5ЈAACGGAACGCACCTC3Ј). The second PCR was carried out with primers 5346 (5ЈGAGGTGCGTTCCGTTGCGGCTGGTGTTAAG3Ј) and 5344 (5ЈCCGCTCATAGCCACT3Ј). The third PCR fragment was generated with primers 4119 and 5344, using the first and second PCR fragments as templates. The third PCR product was digested with XbaI and ClaI and subcloned into pPH001. For the deletion mutant ⌬14 (deletion from Leu186 to Gly199), the first PCR was carried out with primers 4119 and 5270 (5ЈCGGTC GGTTCTGGAT3Ј). The second PCR was performed with primers 5278 (5ЈAT CCAGAACCGACCGATTATTCCGCCGCCG3Ј) and 5269 (5ЈTTCTGCCAG ATAGCC3Ј). The third PCR product was made with primers 4119 and 5269, using the first and the second PCR fragments as templates. The third PCR fragment was digested with XbaI and NdeI and inserted into pPH001. After confirming the mutation by DNA sequencing, we subcloned the 1.5-kbp EcoRI fragment containing the ⌬14 deletion mutation into pET11a-EnvZ(C). Two-step PCR was used to subclone each point mutation and deletion mutation into pTB0201 containing the wild-type ompB locus. The first PCR fragment was made with primers 5 (5ЈCGTATGTTGATGACCGACAAA3Ј) and 5423 (5ЈCGGTC GGTTCTGGAT3Ј). The second PCR fragment, which contains a mutation, was made with primers 5422 (5ЈATCCAGAACCGACCG3Ј) and 5344. The third PCR fragment was made with primers 5 and 5344, using the first and second PCR fragments as templates. The third PCR fragment, carrying each linker mutation, was digested with BglII and NdeI (or ClaI) and inserted into pTB0201 (6) . The mutations were confirmed by DNA sequencing. For the deletion mutant ⌬8 (deletion from Gly197 to Pro204), the first PCR was carried out with primers 5 and 5767 (5ЈAACCTGCAAGGCTGC3Ј). The second PCR was performed with primers 5758 (5ЈCAGCCTTGCAGGTTCTGCGTGAGTATGGC3Ј) and 5269. The third PCR fragment was made with primers 5 and 5269, using the first and the second PCR fragments as templates. The third PCR product was cut with BglII and NdeI and inserted into pTB0201. The mutation was confirmed by DNA sequencing. The plasmids constructed for this study are described in Table 1 .
Biochemical activities of EnvZ and H6-EnvZ(C). Autophosphorylation, phosphotransfer to OmpR, and phospho-OmpR phosphatase assays were performed as previously described (43) . For analysis of the kinase and phosphatase activities, levels of phospho-EnvZ and phospho-OmpR were estimated at each reaction time point by using a Bio-Rad model GS-670 imaging densitometer.
Purification of H6-EnvZ(C) and EnvZ(C).
E. coli BL21-DE3 transformed with plasmid pPH001 expressing His 6 -tagged wild-type EnvZ(C) [H6-EnvZ(C) ⅐ wt], pPH002 expressing H6-EnvZ(C) ⅐ F220D, pPH003 expressing H6-EnvZ(C) ⅐ F220V, pPH004 expressing H6-EnvZ(C) ⅐ ⌬7, and pPH005 expressing H6-EnvZ(C) ⅐ ⌬14 was grown at 37°C in M9 medium containing Casamino Acids (20 g/liter) and ampicillin (50 g/ml). The expression of H6-EnvZ(C) was induced by the addition of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at mid-log phase. After 3 h of incubation, cells were harvested and washed with buffer A (50 mM sodium phosphate buffer [pH 7.8] containing 0.3 M NaCl and 1 mM phenylmethylsulfonyl fluoride [PMSF]) at 4°C. Cells were resuspended in 20 ml of buffer A and sonicated on ice. Unbroken cells were removed by centrifugation (4,000 ϫ g for 20 min), and the supernatant was again centrifuged at 180,000 ϫ g for 90 min at 4°C to remove the insoluble membrane fraction. The supernatant thus obtained was mixed with 4 ml of Ni-nitrilotriacetic acid (NTA) resin (Qiagen), previously equilibrated with buffer A. Ni affinity chromatography was performed with a Bio-Rad Econo system. After washing the Ni-NTA resin with buffer B (50 mM sodium phosphate buffer [pH 6.0] containing 0.3 M NaCl, 5% glycerol, and 1 mM PMSF), we eluted proteins with a linear gradient of 0 to 0.2 M imidazole in buffer B, and fractions were analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). Fractions eluted from 0.1 to 0.2 M imidazole-buffer B were pooled and dialyzed against buffer C (50 mM Tris-HCl [pH 8.0] containing 0.3 M NaCl, 20% glycerol, and 1 mM PMSF). Wild-type EnvZ, other linker mutant EnvZ proteins, and OmpR were purified by ammonium sulfate fractionation and anion-exchange chromatography (DE52) as previously reported (14) . Protein concentrations of the purified H6-EnvZ(C), EnvZ(C), and OmpR were determined by the Bio-Rad protein concentration assay method.
Binding assays of EnvZ(C) on Ni-NTA resin. Purified H6-EnvZ(C) and EnvZ(C) proteins (10 g each) were dissolved in 20 l of buffer D (50 mM sodium phosphate buffer [pH 7.8], 0.3 M NaCl, 5% glycerol) (1.6 ϫ 10 Ϫ5 M) at room temperature for 30 min, and 10 l of Ni-NTA resin (50%, vol/vol) was added to the protein mixture followed by a 30-min incubation on ice. After three washes with buffer E (50 mM sodium phosphate buffer [pH 6.0], 0.3 M NaCl, 5% glycerol), using ultrafree-MC centrifugal filters (Millipore Corp.), proteins bound to Ni-NTA resin were eluted by 0.1 M EDTA-buffer E and separated by SDS-PAGE (17.5% gel) followed by Coomassie brilliant blue staining.
Computer analysis. Amino acid sequences of the linker regions among methylaccepting chemoreceptor proteins (MCPs) and histidine kinase proteins were aligned by using the Genetics Computer Group Pileup program. Helical-wheel structure prediction and secondary-structure prediction by the Chou-Fasman method were performed by using the DNASIS V3.0 program. The ␤-turn probability value for the Chou-Fasman method was set at 75 ϫ 10 e-6 . Amino acid sequence similarities between the EnvZ linker region and MCP linker regions were calculated by the Genetics Computer Group Bestfit and Gap programs.
Membrane purification. For the preparation of outer membrane porin proteins, cells were cultivated in nutrient broth or nutrient broth supplemented with 20% sucrose until mid-log phase (Difco). Outer membrane porin proteins were 
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on November 7, 2017 by guest http://jb.asm.org/ isolated and resolved on SDS-urea-polyacrylamide gels as previously described (8) . Membrane fractions were prepared as previously described (43) .
RESULTS
Effects of EnvZ linker mutations on outer membrane porin profiles. The linker regions of EnvZ and MCPs (Tar, Tap, Tsr, and Trg) are aligned in Fig. 1A . The chimeric receptor Taz1 (40) (or Trz1 [5] ), which consists of the periplasmic, transmembrane, and linker domains from Tar (or Trg) and the cytoplasmic signaling domain from EnvZ, can respond to aspartate (or ribose-binding protein with ribose bound to it) to activate the ompC gene in vivo. These results suggest that EnvZ and MCP have a common mechanism for signal transduction. Phenotypes of mutations in the EnvZ linker region which have been screened previously are shown at the bottom of Fig. 1A .
Amino acid sequence similarities between EnvZ and MCP linker regions are 40 to 44%, and the secondary-structure prediction based on the Chou-Fasman method results in a common helix 1-loop-helix 2 structure for linker regions. Interestingly, helix 2 from Ser215 to Asp232 in EnvZ has a typical amphipathic helical-wheel structure, which suggests the involvement of this region in hydrophobic interaction (Fig. 1C) . An open circle marked below an amino acid residue of EnvZ indicates that the residue is functionally similar to more than 50% of the MCP residues at the same position; a closed circle indicates that the residue is identical in all five proteins aligned. The helix 1, loop, and helix 2 regions predicted for the EnvZ sequence are shown as bars. Mutations in EnvZ, indicated by boldface characters and arrows, have been previously screened (16, 38, 42) , and their phenotypes are indicated. (B) Amino acids marked with asterisks in the EnvZ sequence (Leu189 and Phe220) were independently mutated to either a hydrophobic amino acid (valine) or a charged amino acid (aspartate). Those residues functionally conserved are marked with open circles. The bars represent various deletions (⌬14, deletion from L189 to G199; ⌬8, deletion from G197 to P204; and ⌬7, deletion from T217 to M223). (C) Helical-wheel structure prediction of the region of EnvZ from Val216 to Leu232. Hydrophobic residues are shown in outlined letters. The mean hydrophobicity of this region is 0.28, and the hydrophobic moment is 1.79.
Based on the linker sequence alignment among E. coli histidine kinases whose domain organizations are similar to that of EnvZ (Fig. 1B) , we designed three point mutations (indicated by asterisks below the appropriate amino acids in helix 1 and helix 2). Various deletion mutations in the helix 1 and loop and the helix 2 regions were also created and designated ⌬14 (deletion from L186 to G199), ⌬8 (deletion from G197 to P204), and ⌬7 (deletion from T217 to M223) (Fig. 1B) .
The phenotypic changes in cells carrying these mutations were examined by comparing outer membrane protein profiles, using E. coli AR137, an ompB deletion strain, transformed with plasmids pTB0201, pTB0301, pTB0302, pTB0303, pTB0304, pTB0305, pTB0306, and pTB0307 ( Fig. 2; Table 1 ). The E. coli strain lacking envZ and ompR did not express OmpC and OmpF (lanes 1 and 2) , whereas E. coli harboring the wild-type envZ and ompR showed differential expressions of OmpC and OmpF, depending on the medium osmolarity. OmpF was highly expressed in low-osmolarity conditions (nutrient broth) (lane 3), while in high-osmolarity conditions (nutrient broth supplemented with 20% sucrose), OmpF expression was substantially reduced, with a concomitant increase in OmpC production (lane 4 18] ) resulted in constitutive expression of OmpC regardless of osmolarity. In contrast, OmpF expression was still osmoregulated in EnvZ ⅐ ⌬7 and EnvZ ⅐ ⌬8 but significantly reduced in EnvZ ⅐ ⌬14 at both low and high osmolarity.
Effects of mutations on EnvZ enzymatic activities. To further characterize the EnvZ mutants with OmpC constitutive expression, their enzymatic activities were examined in vitro. Since the outer membrane profile of the linker mutant EnvZ was not changed whether E. coli AR137 (pcnB80) or SG480⌬76 (penB80 ϩ ) (24) was used, membrane fractions were prepared from SG480⌬76 cells producing EnvZ ⅐ wt and EnvZ ⅐ ⌬7 in order to obtain an amount of membrane-bound EnvZ sufficient for enzymatic assays. Equivalent amounts of EnvZ protein were used for enzyme assays, as confirmed by Western blot analysis (data not shown). The autophosphorylation activities of membrane-bound EnvZ ⅐ wt and EnvZ ⅐ ⌬7 are shown in Fig. 3A and B. The initial autophosphorylation reaction rate (V i ) was estimated by the increase of the level of phospho-EnvZ for the first 2 min, and the V i value for EnvZ ⅐ wt (2.7 min Ϫ1 ) was 7.7 times larger than that for EnvZ ⅐ ⌬7 (0.35 min
Ϫ1
). For the phosphotransfer activity to OmpR, EnvZ membrane fractions were first incubated for 5 min with OmpR, and then [␥
32
-P]ATP was added. As shown in Fig. 3C and D, the autophosphorylation activity of EnvZ ⅐ ⌬7 was lower than that of EnvZ ⅐ wt, whereas the phosphotransfer activities were almost similar in EnvZ ⅐ wt and EnvZ ⅐ ⌬7. When the phosphatase activity was assayed with phosphoOmpR as the substrate, with EnvZ ⅐ wt (Fig. 3E, lanes 3 to 6) , the half-life of phospho-OmpR (t 0.5 ) was 6.8 min, while that of EnvZ ⅐ ⌬7 was 41.3 min. Therefore, the phosphatase activity of EnvZ ⅐ ⌬7 was 6.6 times less than that of EnvZ ⅐ wt. Importantly, the level of phospho-OmpR with EnvZ ⅐ ⌬7 at 10 min in the kinase reaction (Fig. 3C, lane 5 ) was almost two times higher than that of EnvZ ⅐ wt at the same time point (Fig. 3C,  lanes 10 ) based on densitometric analysis (Fig. 3D) . These results are consistent with the notion that the level of phosphoOmpR became higher in the cell producing EnvZ ⅐ ⌬7 than that producing EnvZ ⅐ wt, resulting in constitutive expression of OmpC. It has been previously reported that OmpC constitutive expression is due to the increase of the ratio of kinase to phosphatase mainly by inhibition of phosphatase activity (22, 24, 32, (43) (44) (45) . The present result suggests that the phosphatase activity as well as the kinase activity can be changed and that the resulting ratio of kinase to phosphatase is crucial in regulating transmembrane signaling.
Effects of ⌬7 mutation on the function of EnvZ(C). Next we examined whether the linker mutations causing the OmpC constitutive expression phenotype as described above displayed the same effect on enzymatic activity if the EnvZ domain with the linker region was detached from the transmembrane domain and separately expressed. For this analysis, we performed in vitro biochemical assays with purified cytoplasmic domains (from residues 180 to 450) of EnvZ ⅐ wt and EnvZ ⅐ ⌬7, termed EnvZ(C) ⅐ wt and EnvZ(C) ⅐ ⌬7, respectively. These proteins contained an extra nine amino acid residues (Met-Gly-His 6 -Gly) on their amino-terminal ends. The initial autophosphorylation for H6-EnvZ(C) ⅐ wt (Fig. 4A , lanes 1 to 7; V i ϭ 3.0 min Ϫ1 [ Fig. 4B] ) was 1.8 times faster than that for H6-EnvZ(C) ⅐ ⌬7 (Fig. 4A, lanes 8 to 14; V i ϭ 1.7 min Ϫ1 [ Fig. 4B ]) by densitometric analysis (Fig. 4B ). As shown in Fig. 4C and D, the levels of phosphotransfer to OmpR were similar between H6-EnvZ(C) ⅐ wt and H6-EnvZ(C) ⅐ ⌬7. Most interestingly, in contrast to the membrane-bound EnvZ ⅐ ⌬7 (Fig. 3E, lanes 7 to 10) , H6-EnvZ(C) ⅐ ⌬7 (Fig. 4E , lanes 6 to 10) retained phospho-OmpR phosphatase activity (t 0.5 ϭ 4.5 min) which was even slightly higher than that of H6-EnvZ(C) ⅐ wt (lanes 1 to 5; t 0.5 ϭ 3.2 min) on the basis of densitometric analysis (Fig. 4F) . We also measured the kinase and phosphatase activities of EnvZ(C) ⅐ ⌬L (deletion from R180 to H222) lacking the linker region and found that EnvZ(C) ⅐ ⌬L has both kinase and phosphatase activities at levels very similar to those of EnvZ(C) ⅐ wt (data not shown). These results indicate that the linker mutations do not directly affect the enzymatic functions of EnvZ but exert mainly negative effects on enzymatic activity only when the linker region is connected to the transmembrane domain. Therefore, if the cytoplasmic domain is detached from the membrane, the linker region no longer has a regulatory effect on the enzymatic activity, resulting in similar levels of kinase and phosphatase activities regardless of mutations in the linker region.
Effects of linker mutations on the dimerization of EnvZ(C).
It has been demonstrated that the autophosphorylation reaction is a trans reaction between two EnvZ molecules within a dimer (29, 34, 35, 37, 39, 43, 44) . By analyzing the dimer (lanes 1, 3, 5,  7, 9, 11, 13, 15, and 17) or nutrient broth supplemented with 20% sucrose ( lanes  2, 4, 6, 8, 10, 12, 14, 16, and 18) . Cells with pBR322 (lanes 1 and 2) and cells with plasmid pTB0201 expressing OmpR and EnvZ ⅐ wt (lanes 3 and 4) , pTB0301 expressing OmpR and EnvZ ⅐ L189D (lanes 5 and 6), pTB0302 expressing OmpR and EnvZ ⅐ L189V (lanes 7 and 8), pTB0303 expressing OmpR and EnvZ ⅐ F220D (lanes 9 and 10), pTB0304 expressing OmpR and EnvZ ⅐ F220V (lanes 11 and 12), pTB0305 expressing OmpR and EnvZ ⅐ ⌬7 (lanes 13 and 14) , pTB0306 expressing OmpR and EnvZ ⅐ ⌬8 (lanes 15 and 16) , and pTB0307 expressing OmpR and EnvZ ⅐ ⌬14 (lanes 17 and 18) (17) . Since helix 2 in the linker region contains an amphipathic helical-wheel structure, there is a possibility that this linker structure is involved in EnvZ dimerization. A binding experiment using Ni-NTA resin was performed to examine whether the linker region is involved in EnvZ dimerization. For this experiment, wild-type and linker mutant FIG. 3 . Functional analysis of EnvZ ⅐ wt and EnvZ ⅐ ⌬7. (A) Autophosphorylation of EnvZ ⅐ wt and EnvZ ⅐ ⌬7. The membrane fraction of SG480⌬76 cells with pTB0201 producing OmpR and EnvZ ⅐ wt and pTB0305 producing OmpR and EnvZ ⅐ ⌬7 was prepared as described previously (43) . Membrane fractions containing the same amounts (ca. 3 g of total protein) of EnvZ ⅐ wt (lanes 1 to 5) or EnvZ ⅐ ⌬7 (lanes 6 to 10) were incubated with 0.2 Ci of [␥- 32 P]ATP at room temperature, and the reaction was stopped by the addition of 5ϫ SDS loading buffer at 15 s (lanes 1 and 6), 1 min (lanes 2 and 7), 2 min (lanes 3 and 8), 5 min (lanes 4 and 9), and 10 min (lanes 5 and 10). The samples were subjected to SDS-PAGE followed by autoradiography. 32 P]ATP and the membrane fraction containing EnvZ (T247R) as previously described (2, 28, 43) . Phosphorylated OmpR (1 g of total OmpR protein) was then incubated with ADP (1 mM) and membrane fractions containing the same amount (ca. 3 g of total protein) of EnvZ ⅐ wt (lanes 3 to 6) and EnvZ ⅐ ⌬7 (lanes 7 to 10). The reaction was stopped by adding 5ϫ SDS loading buffer at 15 s (lanes 1, 3, and 7 ), 3 min (lanes 4 and 8), 10 min (lanes 5 and 9), and 20 min (lanes 2, 6, and 10), followed by SDS-PAGE and autoradiography. As a control (lanes 1 and 2) , phosphorylated OmpR was incubated with the membrane fraction of SG480⌬76 cells harboring pBR322 vector and 1 mM ADP. (F) Densitometric analysis of the phosphatase assay. The levels of phospho-OmpR from panel E were measured by a densitometer at each reaction time point and plotted. Circles represent the level of phospho-OmpR with EnvZ ⅐ wt; triangles represent the level of phospho-OmpR with EnvZ ⅐ ⌬7.
EnvZ(C) containing four extra amino acid residues (Met-AlaGly-Ile) on the N terminus of the EnvZ(C) (residues 180 to 450) as well as the wild-type and linker mutant H6-EnvZ(C) proteins were purified to more than 90% homogeneity based on the Coomassie brilliant blue staining of SDS-polyacrylamide gels. Equimolar concentrations (1.6 ϫ 10 Ϫ5 M) of H6-EnvZ(C) and EnvZ(C) proteins were mixed and incubated at room temperature for 30 min, and then Ni-NTA resin (50%, vol/vol) was added. Lanes 2, 4, 6, and 8 in Fig. 5 represent control experiments to show that the levels of nonspecific binding of EnvZ(C) ⅐ wt, EnvZ(C) ⅐ F220D, EnvZ(C) ⅐ F220V, and EnvZ(C) ⅐ ⌬14 proteins, respectively, to Ni-NTA resin 32 P]ATP as described in Materials and Methods, using the membrane fraction containing EnvZ (T247R) as previously described (2, 28, 43) . The phosphorylated OmpR (1 M total OmpR protein) was then incubated with ADP (1 mM) and H6-EnvZ(C) protein (1 M; lanes 1 to 5) and H6-EnvZ(C) ⅐ ⌬7 (1 M; lanes 6 to 10). The reaction mixtures were sampled at 15 s (lanes 1 and 6), 2 min (lanes 2 and 7), 5 min (lanes 3 and 8), 10 min (lanes 4 and 9), and 20 min (lanes 5 and 10), followed by SDS-PAGE and autoradiography. (F) Densitometric analysis of the phosphatase assay. The levels of phospho-OmpR from panel E were measured by a densitometer at each reaction time point and plotted. Circles represent the level of phospho-OmpR with EnvZ(C) ⅐ wt; triangles represent the level of phospho-OmpR with EnvZ(C) ⅐ ⌬7.
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were less than 10% of the specific binding of EnvZ(C) mediated by H6-EnvZ(C). As shown in lanes 1, 3, 5, and 7, EnvZ(C) ⅐ wt and all of the linker mutant EnvZ(C) proteins were able to bind to the resin through the wild-type and linker mutant H6-EnvZ(C) proteins, indicating that mutations in the linker region did not impair the dimer formation of EnvZ(C).
In addition, the molecular mass of EnvZ(C) ⅐ ⌬L measured by the light scattering analysis was 57 kDa (not shown), whereas its calculated molecular mass based on the amino acid sequence is 25 kDa, indicating that EnvZ(C) ⅐ ⌬L also forms a dimer. Together, these results indicate that the region required for dimerization is not in the linker region but within the signaling domain.
DISCUSSION
In this study, we have investigated the functional and structural roles of the linker region of EnvZ. Previous genetic analysis of EnvZ has revealed that many mutations result in defective outer membrane porin profile clusters in the linker region (7, 16, 23) , indicating that this linker region is important for transmembrane signaling. The linker region is located between the second transmembrane domain and the cytoplasmic signaling domain. The MCPs (Tsr, Tar, Trg, and Tap) share a highly conserved amino acid sequence in this linker region. In addition, the amino acid alignment of the linker regions between MCPs and EnvZ shows a high degree of similarity (40 to 44%) (Fig. 1A) . Even though MCPs are chemosensors and EnvZ is an osmosensor, both are considered to function as transmembrane sensors by using similar signal transduction mechanisms. This notion was supported by the following facts. (i) The membrane topology of EnvZ is identical to those of the MCPs (4, 13). (ii) The chimeric receptor Taz1 (or Trz1), in which the periplasmic sensing domain, two transmembrane domains, and the linker region from the Tar were fused with the cytoplasmic signaling domain from EnvZ, was able to induce ompC-lacZ expression in response to aspartate (or ribose-binding protein ribose bound to it) in the medium (22, 45) . (iii) The same amino acid substitution mutations in the linker regions in Taz1 and Tsr caused either clockwise-biased phenotypes in Tsr and a comparable OmpC Ϫ phenotype in Taz1 or counterclockwise-biased mutations in Tsr and comparable constitutive OmpC phenotype (22) .
Although the primary-sequence similarity of the linker regions between EnvZ and other known transmembrane histidine kinases in E. coli was not high, the secondary-structure prediction suggests that a helix 1-loop-helix 2 structure exists in the linker region (Fig. 1B) . Interestingly, the helix 2 regions in EnvZ and others exhibit a typical amphipathic helical wheel structure (Fig. 1C) . In addition, the change of the outer membrane protein profile of cells expressing EnvZ ⅐ L189D and EnvZ ⅐ F220D substituting a hydrophobic amino acid with aspartic acid implies that this region might be involved in protein-protein interaction (Fig. 2) .
Importantly, mutations in the linker region do not disrupt the EnvZ dimer formation. This conclusion is supported by the following facts: (i) the membrane-bound EnvZ as well as the wild-type and linker mutant EnvZ(C) could still undergo autophosphorylation (Fig. 3A and 4A) ; (ii) there was a direct interaction of linkerless EnvZ(C) with linkerless His-tagged EnvZ(C) through Ni-NTA resin (Fig. 5) ; and (iii) linker deletion mutant [EnvZ(C) ⅐ ⌬L; deleted from Arg180 to His222] also showed autophosphorylation activity (data not shown).
From the fact that two defective Taz1 mutants, Taz1H1, in which the autophosphorylation site, His277, was changed to Val, and Taz1G1 or Taz1 N1-N6, in which the putative ATPbinding sites were mutated, can complement each other to restore the autophosphorylation activity, it was proposed that the autophosphorylation reaction occurs in a trans reaction between the two subunits within a dimer (43, 44) . This notion was further substantiated with CheA (34, 35, 39) and NtrB (29) , both of which are soluble cytoplasmic histidine kinases. Recently, the cytoplasmic EnvZ protein has been shown to form a dimer by gel filtration analysis (31) and a binding experiment with Ni-NTA resin (17) . Although linker mutant EnvZ proteins can form a dimer, it is possible that wild-type EnvZ and linker mutants differ with respect to the K a for dimer formation.
The linker regions of some systems have been suggested to be involved in sensing cytoplasmic signals. The linker domain of NarX of E. coli senses molybdenum (23) . The linker region of FixL from Rhizobium meliloti possesses an oxygen-binding heme moiety and so senses oxygen as a signal (27) . Linker mutations on BvgS make cells insensitive to sulfate anion, nicotinic acid, and low temperature in Bordetella pertussis (26) . The linker region of VirA senses phenolic compounds and pH in Agrobacterium tumefaciens (7) . BvgS and VirA, however, are unique histidine kinase family members containing an additional cytoplasmic response regulator domain. In contrast, the linker regions of most transmembrane histidine kinases, including EnvZ, are not known to sense cytoplasmic signals.
The EnvZ periplasmic domain is considered to be a sensing domain which detects a change in medium osmolarity. The signal thus received is transmitted through the transmembrane and the linker domains to the cytoplasmic signaling domain, of which both kinase and phosphatase activities are regulated so that the ratio of kinase to phosphatase activity increases as the medium osmolarity increases. Thus, the level of phosphoOmpR increases at high osmolarity to activate ompC expression with a concomitant repression of ompF (32, 42) . The present data are consistent with this hypothesis: in cells expressing EnvZ ⅐ ⌬7, both kinase and phosphatase activities were decreased. However, the level of phospho-OmpR was higher in these cells than in cells expressing EnvZ ⅐ wt (Fig. 3) ; indeed, ompC expression in cells with EnvZ ⅐ ⌬7 became constitutive. Interestingly, when only EnvZ(C) ⅐ ⌬7 was expressed, kinase as well as phosphatase activities were retained at levels similar to those of the corresponding domain of EnvZ ⅐ wt (Fig. 4) . Another linker deletion protein, EnvZ(C) ⅐ ⌬L (deletion from R180 to H222), also retained both kinase and phosphatase activities (data not shown).
The results described above demonstrate that the linker functions to transmit the signal to regulate the ratio of kinase to phosphatase activity of the signaling domain only when it is FIG. 5 . Binding of EnvZ(C) on Ni-NTA resin. The purified H6-EnvZ(C) or EnvZ(C) proteins (10 g of each) were mixed at room temperature for 30 min, and 10 l of Ni-NTA resin (50%, vol/vol) was added, followed by a further incubation for 30 min at room temperature. After being washed with buffer E (50 mM sodium phosphate [pH 6.0], 0.3 M NaCl, 5% glycerol) three times, proteins bound to Ni-NTA resin were eluted by 0.1 M EDTA-buffer E and subjected to SDS-PAGE (17.5% gel). Lane connected to the transmembrane domain. This linkage may conformationally restrict the structure of the downstream signaling domain, which in turn modulates the appropriate ratio of kinase to phosphatase activity to control the level of phospho-OmpR in the cell. Therefore, if the linker domain is detached from the membrane anchor, the conformational constraint may be released, and then the linker domain no longer has a regulatory effect on the enzymatic activities of EnvZ(C). It was reported that EnvZ was specifically cleaved at Arg214, which exists in the loop region between helix 1 and helix 2 of the linker region, indicating that the linker region is sensitive to proteolysis (31) . Thus, we hypothesize that the linker region acts as a flexible hinge to allow for correct juxtapositioning of two EnvZ molecules within a dimer in order to propagate the signal from the periplasmic receptor domain to the cytoplasmic signaling domain.
